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1 LITTLE HIGGS MODELS
1.1 Little Higgs studies with ATLAS
Eduardo Ros and David Rousseau
Observability of new particles predicted by little Higgs models at the LHC has been studied using a
simulation of the ATLAS detector. We discuss first the channels available for the discovery of the new
heavy quark T , then for new gauge bosons AH , ZH and WH , and finally for the doubly charged Higgs
boson φ++. Most of the results presented here are extracted from [1], with more recent studies in [2–4],
where further details can be found. The Monte Carlo program PYTHIA 6.203 [5] with suitably normalised
rates was used to generate signal events. The Higgs boson branching ratios were taken to be as in
the standard model. These events were passed through the ATLAS fast simulation which provides a
parametrised response of the ATLAS detector to jets, electrons, muons, isolated photons and missing
transverse energy. This fast simulation has been validated using a large number of studies [6] where it
was adjusted to agree with the results of a full, GEANT based, simulation. Jets are reconstructed using
a cone algorithm with a size of ∆R = 0.4. Performance for the high luminosity (1034 cm−2 sec−1)
is assumed. Results will be in general quoted for 300 fb−1, which correspond approximately to the
amount of data collected during three years running at high luminosity. It is assumed that the Higgs
boson will have been found and its mass measured. The event selections are based on the characteristics
of the signal being searched for, and are such that they will pass the ATLAS trigger criteria. The most
important triggers arise from the isolated leptons, jets or photons present in the signal. PYTHIA was also
used for simulation of the backgrounds. Other event generators were used if backgrounds were needed
in regions of phase space where PYTHIA is not reliable.
1.1.1 Search for the heavy quark T
The T quark can be produced at the LHC via two mechanisms: QCD production via the processes
gg → TT and qq → TT which depend only on the mass of T ; and production via W exchange
qb → q′T which leads to a single T in the final state and therefore falls off much more slowly as MT
increases. This latter process depends on the model parameters and, in particular, upon the mixing of the
T with the conventional top quark. The Yukawa couplings of the new T are given by two constants λ1
and λ2 (following the notation from [7]). The physical top quark mass eigenstate is a mixture of t and T ,
and the various couplings contain three parameters λ1, λ2 and f that determine the masses of T and the
top quark as well as their mixings. Two of the parameters can be reinterpreted as the top mass and the
T mass. The third can then be taken to be λ1/λ2. This determines the mixings and hence the coupling
strength TbW which controls the production rate via the qb → q′T process. The production rates have
been calculated in [7]. It is found that single production dominates for masses above 700 GeV. As we
expect that we are sensitive to masses larger than this, we consider only the single production process
in what follows. We assume a cross-section of σ = 200 fb for MT = 1.0 TeV and λ1/λ2 = 1. Events
generated using PYTHIA were normalised to these values. The decay rates of T are as follows
Γ(T → tZ) = Γ(T → tH) = 1
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2 implying that T is a narrow resonance. The last of these decays would be
expected for a charged 2/3 4th generation quark; the first two are special to the “little Higgs Model”. We
now discuss the reconstruction of these channels.
1.1.1.1 Study of the decay T → Zt
This channel can be observed via the final state Zt → `+`−`νb, which implies that the events contain
three isolated leptons, a pair of which reconstructs to the Z mass, one b−jet and missing transverse
energy. The background is dominated byWZ, ZZ and tbZ. Events were selected as follows.
– Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is required to
have pT > 100 GeV.
– No other leptons with pT > 15 GeV.
– EmissT > 100 GeV.
– At least one tagged b−jet with pT > 30 GeV.
The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavour and
opposite sign is required to have an invariant mass within 10 GeV of Z mass. The third lepton is then
assumed to arise from a W and the W ’s momentum reconstructed using it and the measured EmissT .
The selection efficiency is 3.3% for MT = 1 TeV. The invariant mass of the Zt system can then be
reconstructed by including the b−jet. This is shown in Fig. 1.1 for MT = 1 TeV where a clear peak is
visible above the background. Following the cuts, the background is dominated by tbZ which is more
than 10 times greater than all the others combined. Using this analysis, the discovery potential in this
channel can be estimated. The signal to background ratio is excellent as can be seen from Fig. 1.1.
Requiring a peak of at least 5σ significance containing at least 10 reconstructed events implies that for
λ1/λ2 = 1(2) and 300 fb−1 the quark of massMT < 1050(1400) GeV is observable. At these values,
the single T production process dominates, justifying a posteriori the neglect of TT production in this
simulation.
1.1.1.2 Study of the decay T →Wb
This channel can be reconstructed via the final state `νb. The following event selection was applied.
– At least one charged lepton with pT >100 GeV.
– One b-jet with pT > 200 GeV.
– No more than 2 jets with pT > 30 GeV.
– Mass of the pair of jets with the highest pT is greater than 200 GeV.
– EmissT >100 GeV.
The lepton provides a trigger. The backgrounds arise from tt, single top production and QCD production
of Wbb. The requirement of only one tagged b−jet and the high pT lepton are effective against all of
these backgrounds. The requirement of only two energetic jets is powerful against the dangerous tt
source where the candidate b−jet arises from the t and the lepton from the t. The selection efficiency is
14% for MT = 1 TeV. The signal to background ratio in the case of T with 1 TeV mass is somewhat
worse than in the previous case primarily due to the tt contribution. From this analysis, the discovery
potential in this channel can be estimated. For λ1/λ2 = 1(2) and 300 fb−1,MT < 2000(2500) GeV has
at least a 5σ significance.
1.1.1.3 Study of the decay T → Ht
In this final state, the event topology depends on the Higgs mass. For a Higgs mass of 120 GeV the
decay to bb dominates. The semileptonic top decay t → Wb → `νb produces a lepton that can provide
a trigger. The final state containing an isolated lepton and several jets then needs to be identified. The
initial event selection is as follows.
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Fig. 1.1: The signal T → Zt (left) and T → Ht (right) is shown for a mass of 1 TeV. The background is dominated
byWZ and tbZ production (left) and tt production (right).
– One isolated e or µ with pT > 100 GeV and |η| < 2.5.
– Three jets with pT > 130 GeV.
– At least one jet tagged as a b−jet.
Events were further selected by requiring that at least one di-jet combination have a mass in the range
110 to 130 GeV. If there is a pair of jets with invariant mass in the range 70 to 90 GeV, the event is
rejected in order to reduce the tt background. The measured missing transverse energy and the lepton
are then combined using the assumption that they arise from aW → `ν decay. Events that are consistent
with this hypothesis are retained and the W momentum inferred. The selection efficiency is 2.3% for
MT = 1 TeV. The invariant mass of the reconstructedW ,H and one more jet is formed and the result is
shown in Fig. 1.1. The width of the reconstructed T resonance is dominated by experimental resolution.
This analysis assumes that λ1/λ2 = 1. The background is dominated by tt events. The significance is
lower than the previous channels, about 4σ forMT = 1 TeV, down to 3σ forMT = 700 GeV, thus only
providing a confirmation if the signal is seen in the previous channel.
1.1.2 Search for new gauge bosons
The model predicts the existence of one charged WH and two neutral (ZH and AH ) heavy gauge
bosons. WH and ZH are almost degenerate in mass and are typically heavier than AH . From fine
tuning arguments [8], an upper bound can be set: MWH ,ZH < 6 TeV(mH/200 GeV)
2, i.e. 2 TeV for
mH = 120 GeV and 6 TeV for mH = 200 GeV. All these bosons are likely to be discovered via their
decays to leptons. However, in order to distinguish these gauge bosons from those that can arise in other
models, the characteristic decays ZH → ZH and WH → WH must be observed [9]. Two new cou-
plings are present, in addition to those of the Standard Model. These additional parameters can be taken
to be two angles θ and θ′. Once the masses of the new bosons are specified, θ determines the couplings
of ZH and θ′ those of AH . In the case of ZH , the branching ratio into e+e− and µ+µ− rises with cot θ
to an asymptotic value of 4%.
























Fig. 1.2: The e+e− mass distribution arising from a ZH of mass of 2 TeV for cot θ = 1 (upper, solid, histogram)
and cot θ = 0.2 (middle, dashed, histogram). The lowest, dotted histogram shows the distribution from background
only.
1.1.2.1 Discovery of ZH , AH andW±H
A search for a peak in the invariant mass distribution of either e+e− or µ+µ− is sensitive to the presence
of AH or ZH . As an example, Fig. 1.2 shows the e+e− mass distribution arising from a ZH of mass
of 2 TeV for cot θ = 1 and cot θ = 0.2. The production cross-section for the former (latter) case is
1.2 (0.05) pb [7]. Events were required to have an isolated e+ and e− of pT > 20 GeV and |η| < 2.5
which provides a trigger. The Standard Model background shown on the plot arises from the Drell-Yan
process. In order to establish a signal we require at least 10 events in the peak of at least 5σ significance.
Including the µ + µ− channel improves the reach slightly, given the poorer mass resolution. Fig. 1.7
top left shows the accessible region as a function of cot θ and MZH . A similar search for AH can be
carried out and the accessible region as a function of tan θ′ and MAH is shown in Fig. 1.7 top right.
Masses greater than 3 TeV are not shown as these are not allowed in the model. There is a small region
around tan θ′ ∼ 1.3 where the branching ratio to µ+µ− and e+e− is very small and the channel is
insensitive. The decay W±H → `ν manifests itself via events that contain an isolated charged lepton
and missing transverse energy. Events were selected by requiring an isolated electron with e− or e+ of
pT > 200 GeV, |η| < 2.5 and EmissT > 200 GeV. The transverse mass from EmissT and the observed
lepton is formed and the signal appears as a peak in this distribution. The main background arises from
`ν production via a virtual W . In order to establish a signal we require at least 10 events in the signal
region of at least 5σ significance. Fig. 1.7 top left shows the accessible region as a function of cot θ and
MWH .
1.1.2.2 Observation of ZH → ZH , AH → ZH andWH →WH formH = 120 GeV
Observation of the cascade decays ZH → ZH , AH → ZH , andWH →WH provides crucial evidence
that an observed new gauge boson is of the type predicted in the little Higgs Models. For a Higgs mass
of 120 GeV, two signatures have been searched for : the more abundant H → bb (with a branching ratio
of 68%) [2] , and the much rarer H → γγ (with a branching ratio of 0.2%) compensated by a clearer
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Fig. 1.3: The cot θ dependence of the production rate times branching ratio ZH → ZH .
signature [3] .
The decay ZH → `+`−bb results in a final state with two b−jets that reconstruct to the Higgs
mass and a `+`− pair that reconstructs to the Z mass. The coupling ZHZH is proportional to cot 2θ.
When combined with the coupling of ZH to quarks that controls the production cross-section, the cot θ
dependence of the rate in this channel is shown in Fig. 1.3, which shows that this decay vanishes for
cot θ ∼ 1. A typical value of cot θ ∼ 0.5 is chosen, in the following. The signal is extracted from the
ZH → ZH state using the following event selection:
– Two leptons of opposite charge and same flavour with pT > 6(5) GeV for muons (electrons) and
|η| < 2.5. One of them is required to satisfy pT > 25 GeV in order to provide a trigger.
– The lepton pair has a mass between 76 and 106 GeV
– Two reconstructed b−jets with pT > 25 GeV and |η| < 2.5, which are within
∆R =
√
(∆η)2 + (∆φ)2 < 1.5.
– The b−jet pair should have a mass between 60 and 180 GeV.
The efficiency forMZH = 1 TeV is 35 %.The mass of the reconstructed ZH system is shown in Fig. 1.4
for a ZH mass of 1 TeV and cot θ = 0.5. The presence of a leptonic Z decay in the signal ensures that
the background arises primarily from Z + jet final states.
A similar method can be used to reconstruct theWH →WH → `νbb decay. The b−jet selections
were the same as above while the lepton selection is now as follows:
– One isolated e or µ with pT > 25 GeV and |η| < 2.5.
– EmissT > 25 GeV.
The missing transverse energy is assumed to arise only from the neutrino in the leptonic W decay, and
the W momentum is then reconstructed. The efficiency for MWH = 1 TeV is 38 %. The background
which is dominated byW + jets and tt events is larger than in the previous case, nevertheless a signal
can be extracted.
The decay H → γγ provides a very characteristic signal. A preliminary event selection requiring
two isolated photons, one having pT > 25 GeV and the other pT > 40 GeV and both with |η| < 2.5
was made. This requirement ensures that the events are triggered. The invariant mass of the two photon







Fig. 1.4: Left : Invariant mass of the ZH system reconstructed from the `+`−bb final state. Right : Invariant
mass of the ZH or WH system reconstructed from the jjγγ final state. The following hypotheses are made:
MZH/WH = 1 TeV,mH = 120 GeV and cot θ = 0.5 .
system is required to be within 2σ of the Higgs mass, σ being the measured mass resolution of the
diphoton system. The reconstructed jets in the event are then combined in pairs and the pair with invariant
mass closest toMW was selected. If this pair has a combined pT > 200 GeV, its mass was corrected to
theW mass and then combined with the γγ system. The efficiency forMWH ,ZH = 1 TeV is 50 %. The
mass distribution of the resulting system is shown in Fig. 1.4. The contributions from WH and ZH are
shown separately, the former dominates due to its larger production rate. The presence of the two photons
with a mass comparable to the Higgs mass ensures that the background is small. This background arises
from either direct Higgs production or the QCD production of di-photons.
The analyses were redone forMWH ,ZH= 1, 1.5, and 2 TeV. The reach is shown in Fig. 1.7 bottom
left. If mH = 120 GeV, the mass of the heavy bosons is bound to be less than 2 TeV for fine-tuning
considerations. A large fraction of the parameter space is hence covered, except for the region around
cot θ = 1.
The search for AH → ZH is identical to the search for ZH → ZH . However, the AH production
and decay to ZH depend on the mixings and so we present the sensitivity in terms of a cross-section that
allows reinterpretation of these results to other models. Using the method described above, and assuming
only that the ZH signal does not mask the AH signal, Fig. 1.5 shows the value of the production cross-
section times branching ratio needed to obtain discovery in the channels AH → ZH → ``bb and
AH → ZH → jets γγ.
1.1.2.3 Observation of ZH → ZH andWH →WH formH = 200 GeV
For a Higgs mass of 200 GeV, the main Higgs decays are H → W+W− (73 %) and H → ZZ (26 %).
Different ZH and WH final states have been selected, resulting from a compromise between cross-
section and signature, as listed in Table 1.1. For the A modes [2] , all leptons are isolated, and the Higgs
boson final state is purely leptonic. For the B modes [3] , the Higgs boson final state contain one hadronic
W or Z.
For the sake of brevity, only the salient points of the analyses are reported here. In all the modes,
the main background is inclusive top production, tt → WbWb → `−ν`+νbb where a third lepton can







Fig. 1.5: Minimum value of the production cross-section times branching ratio needed to obtain discovery in the
channels AH → ZH → ``bb and AH → ZH → jetsγγ as a function of the AH mass, for a luminosity of
300 fb−1.
Table 1.1: WH and ZH final states being studied. The branching ratios are computed assuming cot θ = 0.5
Mode BR (10−4) decay signature
A1: 1.0 ZH → ZH → `+`−W+W− → `+`− `+ν`−ν 4 leptons + EmissT
A2: 3.0 WH →WH → `νW+W− → `ν `+ν`−ν 3 leptons + EmissT
A3: 0.4 ZH → ZH → jjZZ → jj `+`−`+`− 4 leptons + jets
A4: 0.4 WH →WH → jjZZ → jj `+`−`+`− 4 leptons + jets
B1: 6.8 ZH → ZH → `+`−W+W− → `+`− jj`ν 3 leptons + jets + EmissT
B2: 0.8 ZH → ZH → `+`−ZZ → `+`− jj`+`− 4 leptons + jets
B3: 2.4 WH →WH → `νZZ → `ν jj`+`− 4 leptons + jets
arise from a b jet. In the A1 and A2 modes, the missing transverse momentum is used to reconstruct
the Higgs momentum, with the additional hypothesis that the neutrino is collinear to the leptons, a valid
approximation given the high momentum. In addition, the W mass constraint is applied in the B1 and
B3 modes. The A3 and A4 modes have indistinguishable final states. For all B modes, some leptons may
overlap with the hadronicW or Z decay, given the very high momentum of the Higgs boson (above 500
GeV). Hence a special tuning of the lepton isolation was applied. The hadronic decay of the high pT W
or Z are reconstructed by looking for two high pT jets with mass close to theW or Z mass, or, if it fails,
by taking the jet with largest pT (assuming that in this case theW or Z is reconstructed as a single jet).
The efficiencies for the different modes forMWH ,ZH = 1 TeV are as follows : A1 34%, A2 12%, A3/A4
26%, B1 22%, B2 17%, B3 15%. For MWH ,ZH = 2 TeV, the efficiencies decrease by at most a factor
of two, due to a more severe overlap of the Higgs boson decay products. An example of the expected
reconstructed mass for the B1 modes is shown in Fig. 1.6.
The reach of the analyses are combined separately for A modes and B modes and are summarised
in Fig. 1.7 bottom right. The reach is very similar to themH = 120 GeV case, except that now the mass
of the heavy bosons is only bound to be less than 6 TeV, hence a much smaller fraction of the parameter
space is covered.
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Fig. 1.6: Left : reconstructed mass of ZH → `+`−jj`ν (B1 mode) system, forMZH = 1 TeV, mH = 120 GeV
and cot θ = 0.5. Right: reconstructed tb mass forMWH = 1 TeV and cot θ = 1.
1.1.2.4 Search for hadronic ZH andWH decay
While the leptonic decays of ZH andWH allow the quicker discovery of the heavy bosons, a test of the
little Higgs model necessitates the measurements of other decay modes, like WH or ZH as described
in the previous sections but also the hadronic decay modes [4]. In particular, for cot θ ∼ 1, BR(WH →
WH) and BR(ZH → ZH) vanish, and the branching ratios to heavy quarks are [7] :
BR(ZH → bb) = BR(ZH → tt) = 1/8 = 12.5% (1.2)
BR(WH → tb) = 1/4 = 25% (1.3)
The observability of these three final states has been assessed using fast simulation, with parameters
tuned on full simulation, and with special care for b-tagging at very high jet pT (up to 1 TeV). While no
convincing signal can be seen in the ZH case, the WH → tb appears indeed to be visible and is now
described in a few lines. The top is reconstructed in theW (`ν)b final state. One isolated high pT lepton
is searched for, and two b-jets tagged, one close to the lepton, one recoiling against the lepton. The
neutrino 3-momentum is estimated from the reconstructed missing transverse momentum and assuming
it is parallel to the lepton momentum. The final state can be reconstructed with typical efficiency of 25%
and mass resolution 110 GeV for MWH = 1 TeV. The background is mainly inclusive top production
(irreducible) as well asW + jets (reducible).
The reconstructed mass plot is shown in Fig. 1.6: the signal is clearly visible. The reach shown in
Fig. 1.7 top left demonstrates that the cot θ = 1 region which was missing in theWH(ZH)→ W (Z)H
analyses is well covered up toMWH = 2.5 TeV.
1.1.3 Search for φ++
The doubly-charged Higgs boson could be produced in pairs and decay into leptonic final states via qq →
φ++φ−− → 4`. While this would provide a very clean signature, it will not be considered here since
the mass reach in this channel is poor due to the small cross-section. The coupling of φ++ to W+W+
allows it to be produced singly via WW fusion processes of the type dd → uuφ++ → uuW+W+.
This can lead to events containing two leptons of the same charge, and missing energy from the decays
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Fig. 1.7: These plots show the accessible regions for 5σ discovery of the gauge bosons WH , ZH and AH as
a function of their mass and cot θ or tan θ′ for the various final states. The regions to the left of the lines are
accessible with 300 fb−1: top right for AH → e+e−, top left forWH or ZH leptonic and hadronic decays, bottom
left for decays with a Higgs in the final state with mH = 120 GeV, bottom right for decays with a Higgs in the
final state withmH = 200 GeV (see text for details).
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of theW ’s. The φWW coupling is determined by v′, the vacuum expectation value (vev) of the neutral
member of the triplet. This cannot be too large as its presence causes a violation of custodial SU(2)
which is constrained by measurements of the W and Z masses. We have examined the sensitivity of
searches at the LHC in terms of v′ and the mass of φ++. For v′ = 25 GeV and a mass of 1 TeV,
the rate for production of φ++ followed by the decay to WW is 4.9 fb if the W ’s have |η| < 3 and
pT > 200 GeV [7]. As in the case of Standard Model Higgs searches using theWW fusion process [6],
the presence of jets at large rapidity must be used to suppress backgrounds. The event selection closely
follows that used in searches for a heavy Standard Model Higgs via the WW fusion process and is as
follows [?, 1].
– Two reconstructed positively charged isolated leptons (electrons or muons) with |η| < 2.5.
– One of the leptons was required to have pT > 150 GeV and the other pT > 20 GeV.
– The leptons are not balanced in transverse momentum: |pT1 − pT2| > 200 GeV.
– The difference in pseudorapidity of the two leptons should be |η1 − η2| < 2.
– EmissT > 50 GeV.
– Two jets each with pT > 15GeV, with rapidities of opposite sign, separated in rapidity |η1 − η2| >
5; one jet has E > 200 GeV and the other E > 100 GeV.
The presence of the leptons ensures that the events are triggered. The invariant mass of theWW system
cannot be reconstructed, but the signal can be observed using a mass variable mtrans made from the
observed leptons momenta (p1 and p2) and the missing transverse momentum pmissT as follows:
m2trans = (E1 + E2 +
∣∣EmissT ∣∣)2 − (p1 + p2 + pmissT )2 (1.4)
The reconstructed mass distribution is shown in Fig. 1.8 for a mass of 1 TeV. Standard Model
backgrounds are shown separately on the figure. Note that the rate shown in this figure is small and
the signal does not appear as a clear peak. The process is very demanding of luminosity, the ability to
detect forward jets at relatively small pT , and the ability to control backgrounds. These issues cannot
be fully addressed until actual data is available. At this stage, we can only estimate our sensitivity
using our current, best estimates, of these issues. Since the cross-section for a φ++ of a fixed mass is
proportional to (v′)2, the simulation can be used to determine the sensitivity. Requiring at least 10 events
with mtrans > 700(1000) GeV for Mφ = 1000(1500) GeV and a value of S/
√
B > 5 implies that
discovery is possible if v′ > 29(54) GeV. Such values are larger than the constraint of v′ < 25 GeV from
electro-weak fits [7].
1.1.4 Model constraints and conclusions
We have shown, using a series of examples, how measurements using the ATLAS detector at the LHC
can be used to reveal various particles predicted by little Higgs models. The T quark is observable up to
masses of approximately 2.5 TeV via its decay toWb. Sensitivity in Zt orHt is lower but it still extends
over the range expected in the model provided that the Higgs mass is not too large. In the case of Ht
the sensitivity will depend on the Higgs mass. The H → bb channel is effective until the Higgs mass
exceeds 150 GeV. In this case ATLAS will be able to detect T in its three decay channels and provide a
test of the model.
In the case of the new gauge bosons, the situation is summarised in Fig. 1.7, that shows the
accessible regions via leptonic final states of ZH and WH as a function of the mixing angle. However
observation of such a gauge boson will not prove that it is of the type predicted in the little Higgs Models.
In order to do this, the decays to the Standard Model bosons must be observed. Fig. 1.7 also shows the
sensitive regions for decays of ZH andWH into various final states as a function of cot θ and the masses.
It can be seen that several decay modes are only observable for smaller masses over a restricted range
of cot θ where the characteristic decays ZH → ZH and WH → WH can be detected. The region of
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Fig. 1.8: The mass distributionmtrans, see text, for a φ++ of mass 1 TeV and v′ = 25 GeV. The dashed histogram
shows the signal alone and the solid shows the sum of signal and backgrounds. The components of the background
are also shown separately.
cot θ ∼ 1 is covered searching forWH → tb There is a small region at very small values of cot θ where
the leptonic decays are too small, and only the decays toW or Z can be seen.
In the case of φ++ the situation is not so promising. The Higgs sector is the least constrained by
fine tuning arguments and this particle’s mass can extend up to 10 TeV. We are only sensitive to masses
up to 2 TeV or so provided that v′ is large enough. Other “little Higgs” models have a different Higgs
structure that is similar to models with more than one Higgs doublet. Work is needed to evaluate the
sensitivity of the LHC to these models.
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